Abstract-Recently, m u c h s t u d i e s have b e e n d o n e t o inc l u d e on-chip inductors for wireless c o m m u n i c a t i o n IC design. T h e large a r e a m e t a l plane of t h e spiral i n d u c t o r can f o r m large capacitor t o t h e silicon s u b s t r a t e . A t high e n o u g h frequency, excitation of t h e i n d u c t o r will induce noise t o t h e s u b s t r a t e . In t h i s p a p e r , we will present t h e simulation results of t h e coupling effect of a p l a n a r spiral i n d u c t o r on heavily a n d 
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I. INTRODUCTION
N the past few years, experimental studies and modeling I techniques have been done on substrate noise coupling in analog/digital mixed signal system for both lightly and heavily doped substrate [l] [2] [3] . We studied here another source of substrate noise that occurs at high frequency. In high frequency, we often use on-chip inductors for reactive loading and matching purposes. The large area metal plane of the spiral inductor can form large capacitor to the silicon substrate and at high enough frequency, excitation of the inductor will induce noise to the substrate. In common practice, inductors can be fabricated by using top-layer metals, and the size of a inductor can span as large as 500 x 5OOpm'. The inductor forms large coupling capacitance between silicon oxide and propagates the noise to the substrate at high frequencies. Several techniques have been suggested [2] to reduce the substrate noise, and in this paper, we will attempt to minimize the coupling noise from the planar spiral inductor to other area on the chip by using P+ diffusion guard ring. Inductor guard ring will increase the efficiency of noise reduction] but at the same time it reduces the inductance of the spiral inductor. We studied the optimum size of the guard ring for efficient noise reduction a n d t h e largest possible i n d u c t a n c e of the spiral inductor for both lightly and heavily doped substrate.
In order to have a rapid and accurate prediction of the substrate noise coupling for lightly and heavily doped substrate] a compact model is needed for simulation. Device simulators such as PISCES can be used to obtain a detailed understanding of the ci-osstalk mechanisms, but cannot be efficiently used at, the circuit level because they require a large a,mount of computing power, which limits the application of such tools to a few devices. The AWE approach provides a rapid tool for predicting the substrate coupling effect, and in this paper we will use LAYIN [4] to extract a simple compact model of the substrate for simulations. 
A . Effect of physical separation between inductor and P+ diffusion cont a et
A 2nH inductor of size 350pm x 350pm is used as a perturbing source with 7pm edge to edge distance between conductors and 40pm conductor width. A 50pm x 5 0 p m P+ diffusion contact is located at various distance d from the centre of the inductor which serves as a noise sensor. A P+ diffusion guard ring with 25pm conductor width surrounding the inductor is used to observe the reduction of substrate noise when the guard ring is gounded.
By stimulating the inductor and tracking the noise signal pick up at the P+ diffusion contact at various physical separation from the inductor, the relative reduction in the noise level for various distances can be observed for cases when guard ring is present or absent. In this study, we will compare the reduction in noise level by using the scattering parameter From the data shown in Fig. 6 , it is clear that with the insertion of guard ring, it helps to reduce the noise level at various distance d from the centre of the inductor, but t8he reduction of noise level is gradually decreasing at high frequency. At 3GHz, the 5'21 is reduced about 20dB for small distance d and about 15dB for large distance d when the guard ring is inserted. Fig 7 shows the details of the reduction of noise for various distance d between the inductor and the P+ diffusion contact, when the distance increase from 200pm to 800pm, Sal is reduced by 17dB when the guard ring is not inserted and reduced by 12dB when guard ring is inserted.
For the case of heavily doped substrate, the situation is quite different from that in the lightly doped substrate e.g. the reduction of noise level is less than that in the lightly doped substrate when the guard ring is inserted. Fig. 8 shows the isolation characteristics ( S 2 1 ) from the inductor to P+ diffusion contact in heavily substrate. From the data shown in Fig. 8 , the 5'21 is reduced by about 7dB when the guard ring is inserted and the effect of physical separation between the inductor and P+ diffusion contact is very small. Fig. 9 illustrate the noise reduction is small (less than 2dB) for large variation of distance d from 2 0 0 p m to 800pm.
B. Effect of variation in the size of the guard ring
Besides the effect of the physical separation between inductor and substrate contact, the size of the guard ring can also affect the level of noise reduction and also the inductance. Ideally, for noise reason, one would want the guard can reduce by 15dB, but when we want to optimize for inductance and increase r from 175pm to 325pm, only 6dB of noise can be reduced.
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ring to be close to the inductor. If the guard ring is smaller than the inductor coil, portion of the inductor outside the ring cannot be shielded. Fig. 10 shows how the S21 parameter changes as the guard ring distance r varies. The Sal parameter is measured from the inductor to a substrate contact with d=375pm. As shown in Fig. 10 , the trend of variation in 5'21 parameters are similar for the two kind of substrate, and the optimal guard ring distance r for the maximum noise reduction occurs when r is around 175pm (edge of inductor) for lightly doped substrate and around 140,um for heavily doped substrate. In other words, maximum noise reduction can be achieved when the size of the guard ring is about the same as the size of the planar inductor. A practical case will be when the guard ring is just next to the edge of the inductor to provide maximum noise reduction for the lightly doped substrate. can reduce by 7dB, but when we wknt to optimize for inductance and increase r from 175pm t o 325pm, only 1.5dB of noise can be reduced.
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Unfortunately, while maximum noise reduction can be achieved when the guard ring is about same size as the inductor, inductance will also be affected when size of guard ring is close to that of the inductor due to mirror effect. In order to find out how the inductance be affected when the guard ring is inserted, we use Maxwell Quick 3D Parameter Extractor [5] to simulate cases for different size of guard rings. Fig. 11 shows the variation of inductance with the guard ring distance r. When the guard ring distance r reaches 140pm, the inductance will drop to less than lnH, which is less than half of the original value and when r reaches 175,um, tlhe inductance is about 1.55nH.
As illustrated above, when we need to have maximum noise reduction fcr lightly and heavily doped substrate the inductance will drop to 0.98nH and 1.55nH respectively, so there is a tradeoff between noise reduction and inductance and we need to sacrifice one to gain another.
On the other hand, if we want t o optimize for inductance, the guard ring distance r need to be greater than 325pm in order to achieve inductance of 1.96nH(See Fig. 11 ). As illustrated in Fig. 7 and Fig. 9 when the guard ring distance r is increased from 175pm to 325,um, the improvement of noise reduction with the insertion of guard ring will be reduced from 15dB to 6dB for lightly doped substrate and from 7dB to 1.5dB for heavily doped substrate. So in order to optimize for inductance, the side length of the guard ring need to be about twice the side length of the spiral inductor, and the efficiency of the guard ring in reducing noise at substrate contacts will be decreased by 9dB and 5.SdB for heavily and lightly doped substrate respectively. Guird Ring Distance r (urn) 08 0 Fig. 11 . Inductancevs Guard Ring Distance r. When maximum noise reduction for heavily and lightly doped substrate occurs, the inductance is 1.55nH and 0.98nH respectively. When optimize for inductance, the side length of the guard ring need to be twice the side length of the inductor.
111. CONCLUSION It has been shown that the P+ diffusion guard ring provides better noise reduction in lightly doped substrate than in heavily doped substrate, and the physical separtion between inductor and substrate contact is another useful mean of reducing substrate noise for lightly doped substrate. While both approaches can reduce the noise level at low frequencies, their benefits are reduced at high operating frequencies. Guard ring seems to be more effective in reducing noise when compared to physical separtion for heavily doped substrate. Inductance will be reduced in the presence of the guard ring, and as a tradeoff, maximum noise reduction can be achieved at the expense of reduction in inductance. The simulation results presented in this paper provide an understanding of the effects causing substrate noise from planar spiral inductor through the heavily and lightly doped substrate.
IV. ACKNOWLEDGMENTS
Ping Shing for their invaluable assistances.
The authors would like to thank Tsui Hau Yiu and Hui
